INTRODUCTION
The authors are investigating the regulation of carbohydrate metabolism in fish mainly from the aspect of enzymes. In previous studies, [1] [2] [3] we reported that the activities of carbohydrate-metabolizing enzymes responded slowly to feeding rates, feed composition, acclimation temperature, and so on, suggesting an induction of enzyme proteins. Moreover, it was suggested that phosphofructokinase (PFK) plays an important role in glycolysis. [4] [5] [6] [7] Thus, although long-term responses of carbohydrate-metabolizing enzymes become remarkably clear, the short-term response of carbohydrate metabolism is still unknown. [7] [8] [9] To elucidate the short-time response of carbohydrate metabolism in fish, the present study investigated the response of enzyme activities and metabolic intermediate concentrations to short-time exercise, and following resting in the muscle and hepatopancreas of carp.
MATERIALS AND METHODS

Fish and rearing methods
Yearling common carp Cyprinus carpio (body weight ~80 g, fork length ~14 cm) were obtained from a fish farm in Nankoku city. The fish were held in 150 L fiberreinforced plastic aquaria containing aerated water, and they were fed on a commercial diet (Nihon Nosan Kogyo Co., Ltd. Kanagawa, Japan) containing 31.1% crude protein, 43.3% crude sugar, and 3.9% crude fat on a dry matter basis until used. Water temperature was ~22.0°C.
Experimental protocols
Fish were exercised through chasing them by hand for 20 s in 150 L fiber-reinforced plastic aquaria. lactate concentrations by about 1.5 times, and the concentrations recovered to pre-exercise values at 15 min after exercise. Free amino acid and free fatty acid levels also increased during the exercise, and decreased to the pre-exercise level at 45 min resting.
Glycogen and lactate in muscle and hepatopancreas
Muscle glycogen content was decreased to less than half of the pre-exercise value by the exercise and it was still 28% lower than the pre-exercise level at 45 min after the exercise (Fig. 2 ). In contrast, hepatopancreatic glycogen content did not significantly change during the exercise. It increased to more than the pre-exercised level at 45 min resting after a temporary fall. Muscle lactate content increased by the exercise, from 3.41 to 3.94 mg/g tissue. After a significantly high level it decreased to the pre-exercise level. Also in the hepatopancreas, its content slightly increased after exercise but it showed a rapid decrease during resting.
Metabolic intermediate concentration
During the exercise, muscle F6P and G6P concentrations increased by about 1.5 times, then recovered to their pre-exercise levels during resting (Fig. 3) .
Muscle PCr concentration was markedly decreased by the exercise, from 23.3 to 6.38 µM/g tissue, and recovered to 17.3 µM at 45 min after the exercise. Furthermore, muscle ATP concentration slightly fell with a corresponding increase of ADP and AMP concentrations through the short exercise. These nucleotide each were sampled at pre-exercise, immediately after 20 s exercise (time 0), 15, and 45 min post-exercise.
Of the eight fish sampled, four fish were used for analysis of serum components and the enzyme activities of muscle and hepatopancreas. Blood was taken from the caudal vein by a syringe and centrifuged at 10 000 rpm for 5 min to separate the serum. Then the fish were killed, and the muscle and hepatopancreas were removed for enzyme analysis. The other four fish were quickly killed, and the muscle and hepatopancreas were removed to measure metabolic intermediate concentration. The muscle and hepatopancreas of individual fish were immediately frozen by liquid nitrogen, and stored in a freezer at -80°C until used.
Analytical methods
Serum glucose, free amino acid and free fatty acid levels, and glycogen contents of the muscle and hepatopancreas were determined as described previously. 7 Lactate concentration in the serum, muscle, and hepatopancreas was determined with a commercial human diagnostic kit (Kyowa Medex Co., Tokyo, Japan).
The concentrations of glucose-6-phosphate (G6P), fructose-6-phosphate (F6P), citrate, adenosine monophosphate (AMP), adenosine diphosphate (ADP), and adenosine triphosphate (ATP) in the muscle and hepatopancreas were analyzed by methods described previously.
7 Phosphocreatine (PCr) concentration was determined by the method of Heinz and Weisser. 10 The muscle and hepatopancreas were homogenized with nine volumes of cold buffer (50 mM Tris-HCl, 5 mM 2-mercaptoethanol, 5 mM EDTA) or water by a Physcotron homoginizer (NS-50; Nition Co., Ltd., Chiba, Japan) and centrifuged at 7000 rpm for 10 min at 4°C. The supernatant was used to analyze the following enzymes: phosphofructokinase (PFK, EC 2.7.1.11); glucose-6-phosphatase (G6Pase, EC 3.1.3.9); fructose-1,6-bisphosphatase (FBPase, EC 3.1.3.11); glucose-6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49); aspartate aminotransferase (GOT, EC 2.6.1.1); and alanine aminotransferase (GPT, EC 2.6.1.2). Enzyme activities were assayed by the methods described previously, and were expressed as µM of substrate or coenzyme converted per min per g tissue. 1, 7 Statistical analysis of the results was conducted by the Student's t-test (P < 0.05 or P < 0.01, n = 4). Figure 1 shows the response of the serum components to a 20 s exercise and following resting. The exercise significantly (P < 0.05, n = 4) increased serum glucose and concentrations were reduced to pre-exercise level after 15 min resting.
RESULTS
Serum components
The metabolic intermediate concentrations in the hepatopancreas did not change as much as those in muscle during the exercise and following resting.
Enzyme activity
The exercise markedly increased muscle PFK activity from 9.60 to 26.7 µmol/min/g tissue, and the activity decreased to its initial level at 45 min resting (Fig. 4) . However, muscle FBPase, GOT, and GPT activities did not change so markedly during the exercise and resting.
In hepatopancreas, PFK activity did not show a significant change, differing from the muscle PFK. The G6PDH activity fell during the exercise, then it recovered to the initial value in resting. However, G6Pase and FBPase activities markedly rose during the exercise, then stayed considerably high throughout the resting period. Also, GPT and GOT activities tended to increase in post-exercise and remained constant.
DISCUSSION
Metabolic response to short-time exercise
It is generally accepted that exercise and muscle contraction require large amounts of energy in animals. 11 Adenosine triphosphate is used as a direct energy source, and is supplied by the ATP-PCr line, glycolysis, and oxidative phosphorylation. 12 However, there are few in its protein conformation and metabolic intermediate concentrations. 16 These findings lead to the conclusion that the supply of ATP as the direct energy source for exercise results initially from the ATP-PCr line, followed by increased glycolysis and glycogenolysis through the activation of PFK, resulting in the maintenance of a homeostasis for adenine nucleotide concentrations.
In hepatopancreas the PFK, G6PDH, GPT, and GOT activities as well as glycogen content did not change as markedly as those in muscle during the exercise. But, the activities of FBPase and G6Pase, which are key enzymes of gluconeogenesis, markedly increased, and lactate was somewhat high, perhaps being transported from muscle through the blood stream. These changes in hepatopancreas together with muscle and serum suggested that the exercise enhanced in vivo hepatopancreatic gluconeogenesis to supply glucose to muscle through the blood stream.
Metabolic response to resting
During a resting period after exercise, fish must restore their disturbed internal environment to a steady state. In the present experiment, levels of muscle PFK, serum glucose, and lactate which had markedly increased in the 20 s exercise decreased during a 45 min resting period, while those of muscle PCr, glycogen, and hepatopancreatic G6PDH which had decreased in the exercise gradually increased (Figs 2-4) , resulting in a mitochondria and a shortage of oxygen in the white muscle of fish, so ATP seems to be mainly supplied by the ATP-PCr line and glycolysis. 11 In the present study, we investigated the response of enzyme activities and metabolic intermediate concentrations to a short-time (20 s) exercise and following resting (45 min).
In order to clarify the metabolic response to the exercise in muscle and the hepatopancreas, the ratios of activity and concentration in the exercise fish to those in non-exercise fish are represented in Fig. 5 . In muscle, the exercise exhausted PCr and glycogen concentrations. Similar findings have been reported by many investigators. [13] [14] [15] The PFK activity, one of the rate-limiting enzymes in glycolysis, markedly increased in the exercise, although those of FBPase, GOT, and GPT did not significantly change (Fig. 4) . The ATP-PCr line supplies ATP quickly, but PCr content is limited. Therefore, the supply of necessary amounts of ATP for the exercise seems to depend on not only the ATP-PCr line but also on glycolysis and glycogenolysis through the activation of PFK, phosphorylase, and so on.
11,12
The PFK protein is unlikely to be induced during such a short time as 20 s. During the exercise, muscle F6P, AMP, and ADP concentrations increased by about 1.5 times (Fig. 3) . We have reported in previous papers [4] [5] [6] [7] that increases of these metabolic intermediate concentrations activate PFK in the muscle and hepatopancreas of carp. Furthermore, there are some reports on the activation of PFK through changes in the protein conformation, suggesting that PFK activity can be regulated not only by the enzyme induction but also by changes In such a manner, many biochemical parameter levels recovered to the pre-exercise levels in the muscle, hepatopancreas, and blood at 45 min resting after the exercise (Fig. 6) . Such recovery observations have been reported previously. 15, 17, 18 In contrast, activities of hepatopancreatic G6Pase and FBPase relating to gluconeogenesis were remarkably high even at 45 min resting; moreover, serum glucose and free amino acid concentrations together with hepatopancreatic GOT and GPT activities remained somewhat high. These data suggest that also during the resting period an active gluconeogenesis from amino acid and lactate continues in hepatopancreas to supply blood glucose, which contributes to the restoration of ATP, PCr, and glycogen in muscle. This may mean that hepatopancreas makes a contribution to muscular exercise through glucose supplementation, indicating the presence of an interdependence of carbohydrate metabolism between muscle and hepatopancreas (Cori cycle) in fish. 19 
